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Abstract
Salt transport in the Irminger Current and thus the coupling between eastern and west-
ern subpolar North Atlantic plays an important role for climate variability across a wide
range of time scales. High-resolution ocean modeling and observations indicate that
salinities in the eastern subpolar North Atlantic decrease with enhanced circulation of5
the North Atlantic subpolar gyre (SPG). This has led to the perception that a stronger
SPG also transports less salt westward. In this study, we analyze a regional ocean
model and a comprehensive global coupled climate model, and show that a stronger
SPG transports more salt in the Irminger Current irrespective of lower salinities in its
source region. The additional salt converges in the Labrador Sea and the Irminger10
Basin by eddy transports, increases surface salinity in the western SPG, and favors
more intense deep convection. This is part of a positive feedback mechanism with
potentially large implications for climate variability and predictability.
1 Introduction
The Atlantic subpolar gyre (SPG) has repeatedly been identified as one important fo-15
cal area of decadal variability in the Atlantic Ocean, and a potential source for im-
proved decadal climate predictions (Delworth et al., 1993; Eden and Willebrand, 2001;
Ha¨kkinen and Rhines, 2004; Spall, 2008; Yoshimori et al., 2010; Born and Mignot,
2011; Robson et al., 2012; Yeager et al., 2012). However, its importance is attributed
mostly to the passive advection of surface salinity anomalies of remote origin. The20
active creation of salinity anomalies by the anomalous SPG circulation itself is rarely
considered.
A strong decline in the SPG circulation strength during the 1990s was first compre-
hensively described in observations by Ha¨kkinen and Rhines (2004), who quantified
variations with a “gyre index”, the first Empirical Orthogonal Function (EOF) of the25
satellite altimeter sea surface height. Subsequent work with a regional ocean general
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circulation model forced by reanalysis data confirmed this finding and associated the
weakening of the SPG with a receding subpolar front and therefore high salinities in
the eastern subpolar North Atlantic (Ha´tu´n et al., 2005b). This westward shift of the
subpolar front also corresponds to more surface drifters released in subtropical waters
reaching the eastern subpolar North Atlantic (Ha¨kkinen and Rhines, 2009).5
In the climatological average, relatively saline waters of the eastern basin are ad-
vected westward by the Irminger Current where they enter the dynamically sensitive
region of the western subpolar North Atlantic. Recent work suggests that positive salin-
ity anomalies in the east resulting from a weak SPG are communicated in the same
way (Ha¨kkinen et al., 2011). Paleoclimatic studies extended this concept concluding10
that a weak SPG enhances Labrador Sea convection through the additional salt trans-
port and thereby strengthens the SPG again-effectively stabilizing the SPG and deep
overturning in a negative feedback mechanism (Thornalley et al., 2009). However, the
decrease in volume transport counteracts the positive salinity anomaly, with a priori
uncertain consequences for the transport of salt and the resulting water mass in the15
western basin.
In this study, we describe how salt transport in the Irminger Current increases with
a stronger SPG, as part of a positive feedback mechanism. We employ a simulation
of the preindustrial millennium (850–1850 AD) with the comprehensive global climate
model CCSM4, driven only by external forcing, and a hindcast simulation of the years20
1950–2002 with a regional version of the ocean model MICOM, constrained by obser-
vational hydrography and known air–sea fluxes. Both models agree that salt transport
in the Irminger Current increases with a stronger SPG, because the increase in volume
transport overcompensates lower salinities in its source region by approximately two
orders of magnitude. Time average circulation and the pattern of variability of the SPG25
circulation are similar in both models, suggesting that the current generation of climate
models reproduces this important aspect of climate variability with reasonable detail.
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This paper is organized as follows. Section 2 describes the models used. Section 3
discusses how the SPG changes salt transport in the two models and in observations.
We summarize and conclude in the final Sect. 4.
2 Model description
The simulation results used in this paper are obtained from two general circulation5
models, the regional Nansen Centre version of the Miami Isopycnal Ocean Model (MI-
COM) (Ha´tu´n et al., 2005a,b; Eldevik et al., 2005; Mauritzen et al., 2006; Sandø and
Furevik, 2008) and the global coupled Community Climate System Model version 4
(CCSM4, Gent et al., 2011). While the regional model simulates the period from 1950
to 2002 using re-analysis data for atmospheric fluxes and hydrographic surface fields,10
the coupled global model is forced only by variations in external parameters between
850 and 1850 AD.
The regional version of MICOM has a horizontal resolution of approximately 20 km
in the region of interest, nested within a global version of the same model with half
the resolution (Furevik et al., 2002; Nilsen et al., 2003; Bentsen et al., 2004). Both15
versions share a vertical resolution of 26 density levels, of which the mixed layer has
a variable density and the lower 25 levels vary in thickness defined by fixed isopyc-
nals. The regional refinement covers the Atlantic Ocean between 30◦N and 78◦N and
applies a one-way boundary relaxation scheme toward the global model. Daily mean
NCAR/NCEP re-analysis data (Kistler et al., 2001) of fresh water, heat and momentum20
fluxes are used to force the system by applying the scheme of Bentsen and Drange
(2000). In addition, in the regional sub-domain, the mixed layer temperature and salin-
ity fields are linearly relaxed towards the monthly mean climatological values of Levitus
and Boyer (1994) and Levitus et al. (1994), respectively. The relaxation time scale
adapts to the non-constant thickness of the mixed layer by scaling linearly from 3025
days for 50m thickness to longer times for a thicker mixed layer. The simulation used
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here has been studied extensively in Ha´tu´n et al. (2005a,b) and was found to represent
hydrological records realistically.
The ocean component of CCSM4 is a z-coordinate rigid-lid model that employs
a curvilinear grid with poles over Antarctica and Greenland (Danabasoglu et al.,
2012a). This increases the nominal resolution of 1◦ to approximately 50 km in the sub-5
polar North Atlantic. The vertical is discretized with 60 levels of uniform 10m thickness
in the upper 160m and increasing to 250m at a depth of 3500m. Several parame-
terizations of subgrid processes improve the simulation of the subpolar North Atlantic,
notably a near-surface eddy flux parameterization (Danabasoglu et al., 2008), a sub-
mesoscale mixing parameterization (Fox-Kemper et al., 2008b,a) and an improved10
representation of density-driven bottom flows across the Greenland-Scotland Ridge
(Danabasoglu et al., 2010). The model ocean is coupled without flux adjustments to
a finite volume atmosphere model of 1◦ resolution and 26 vertical levels (Neale et al.,
2013) and a comprehensive sea ice model (Hunke and Lipscomb, 2008; Holland et al.,
2012). In contrast to MICOM, CCSM4 runs freely without relaxation to observed or15
reconstructed climatological fields. External forcing follows the Paleoclimate Modelling
Intercomparison Project Phase III (PMIP3) protocol (Schmidt et al., 2011). The princi-
pal changes are variations in total solar irradiance prescribed using reconstructions by
Vieira and Solanki (2010) and Lean et al. (2005), and the effect of explosive volcanic
eruptions included by an estimate of the stratospheric sulfur aerosol distribution and20
optical thickness (Gao et al., 2008). A detailed description of this simulation is found in
Landrum et al. (2013).
3 Salinity and salt transport in the subpolar gyre
3.1 MICOM – last decades
For the analysis of MICOM, we follow Ha´tu´n et al. (2005b) in order to investigate the25
effect of known hydrographic changes on salt transport. Therefore, EOFs have been
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calculated from the sea surface height of the subpolar North Atlantic to quantify vari-
ations in the SPG. Supplementing Ha´tu´n et al. (2005b) we extend the analysis by ten
years to the entire simulation period starting at 1950. This does not change the shape
of the first two EOFs but their order. The formerly dominant EOF, that was found to
resemble the “gyre mode” of Ha¨kkinen and Rhines (2004), corresponds to the second5
EOF (EOF2) for the full length of the simulation with 18.9% explained variance. The
first EOF (EOF1) explains 27.3% of the simulated variance. To visualize the difference,
composites of the depth integrated stream function are defined as greater and smaller
than one standard deviation of the time series (principal components, PC) associated
with the first two EOFs (Fig. 1). EOF2 does not represent a uniform circulation change10
in the SPG, but rather a localized recirculation south of Iceland in combination with
a relocation of the SPG/STG front. In contrast, the anomalous circulation associated
with the dominant sea surface height EOF1 appears to be a better representation of
variations that involve the entire SPG. Interestingly, the anomalous circulation related
to EOF1 resembles sea surface height anomalies associated with continuously posi-15
tive North Atlantic Oscillation index (NAO) forcing in a regional version of the NEMO
model, with maxima in the Labrador Sea and the Irminger Basin (Herbaut and Hous-
sais, 2009). EOF2 anomalies in MICOM, focused in the northeastern SPG, are not
unlike the circulation anomalies caused by continuously positive NAO wind stress forc-
ing (neutral buoyancy fluxes) in NEMO.20
Both EOFs are used to calculate composites of salinity and salt transport in the
subpolar basin, for the variable-depth mixed layer (Fig. 2). The PC2 composite of sea
surface salinity, equivalent of the “gyre mode” of Ha´tu´n et al. (2005b), shows the ex-
pected freshening with an anomalously positive index (Fig. 2c). It is the result of the
relatively small recirculation in the northeastern corner of the SPG (Fig. 1b). A fresh-25
ening is not observed with a more general strengthening of the SPG, the composite
of PC1 (Fig. 2a). Here, salinity anomalies are mostly found in the path of the North
Atlantic current but do not propagate into the SPG. Note, however, that the composites
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are based on relatively short time series and might therefore be contaminated by tran-
sient signals such as meanders of the North Atlantic Current.
Waters from the eastern subpolar North Atlantic are transported westward with the
Irminger Current and lower salinities are seen along its path in the PC2 composite.
However, a freshening of the western basin does not follow. The stronger circulation not5
only reduces salinities in the source region of the Irminger Current but also increases
its volume transport. With respect to salt transport, the more intense flow overcompen-
sates the decrease in salinity (Fig. 2b, d).
Simulated variations associated with sea surface height EOF2 in MICOM are a good
representation of circulation changes during the second half of the last century and10
in particular the mid 1990s (Ha´tu´n et al., 2005a,b). We will now generalize the above
findings with observational estimates for volume flux and salinity variations of the same
period. Changes in salt transport depend both on changes in volume transport and
changes in the salinity of the advected water masses. This is formalized as
∆F = ∆(S · V ) ∼= V ·∆S +S ·∆V , (1)15
where the first term represents changes in salt transport ∆F due to variations in salin-
ity ∆S, scaled by the time average volume transport V . The second term denotes
changes in volume transport ∆V scaled by the average salinity S. Terms of higher or-
der (∆S ·∆V ) are usually small and have been neglected here. Approximate numeric
values for recent decades are obtained from the literature. The average salinity of the20
Irminger Current is approximately S = 35 psu and peak-to-peak near-surface variations
are smaller than ∆S = 0.1 psu (Ha´tu´n et al., 2005b; Ha¨kkinen et al., 2011, Fig. 2). Es-
timates of volume transport are less well constrained as they depend on the definition
of the Irminger Current by density, salinity or depth contours. To be consistent, the esti-
mates for time average volume transport and its variations have to represent the water25
mass corresponding to the observed salinity variations at the near surface. Hence, we
employ estimates by Va˚ge et al. (2011) for the northward transport along the western
flank of the Reykjanes Ridge, in the upper 500m: V = 7Sv, ∆V = 3Sv.
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The relative magnitude of the two salt transport contributions is
R =
S ·∆V
V ·∆S = 150. (2)
Salinity variations are negligible for the salt transport anomalies in the presence of ac-
companying changes in volume transport. Equation (2) allows for an intuitive explana-
tion in the form R = (∆V/V ) · (∆S/S)−1, meaning that changes in salt transport depend5
on relative, not absolute, variations in salinity and volume transport, that is normalized
by their respective time averages. This demonstrates the robustness of this result, be-
cause independent of the exact measurement of volume transport, the relative changes
in salinity ∆S/S will always be small.
3.2 Comparison of MICOM and CCSM4 – the last millennium10
The simulation with MICOM is a good representation of the second half of the last cen-
tury but too short to derive more general conclusions on salt advection in the SPG. We
thus employ a simulation with CCSM4 of the preindustrial millennium. This approach
naturally leads to the interesting question about the similarities of the two models with
considerably different characteristics.15
The EOFs of sea surface height are different in both models. The first two EOFs of
CCSM4 for approximately the same region as chosen in MICOM above find one im-
portant center of action in the path of the North Atlantic Current (not shown), unlike
MICOM. While this result suggests a difference in the simulated variability between the
models or indeed between interdecadal and centennial time scales no reliable con-20
clusions can be drawn from this analysis. EOFs are highly sensitive to the chosen
domain which necessarily differs in the two models, e.g. due to different resolutions of
the coast lines and numerical grids. To compare anomalous fields of both models, we
define a more robust metric that approximates more closely the physical process to
be investigated, and that has been used in previous model comparisons (Born et al.,25
2012). The SPG index SPGAVE is the average of the depth-integrated stream function
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in the subpolar North Atlantic (60◦W–5◦W, 48◦N–65◦N, see Fig. 3b). As before, com-
posites are defined as ±1 standard deviation.
The time average circulation of the SPG and patterns of variability are similar in both
models. The anomalous circulation is concentrated in the western basin and extends
to the south, shifting the North Atlantic Current (Fig. 3a, b). As a consequence of the5
enhanced volume transport in the SPG, salt transport increases around the northern
and western rim of the gyre. Absolute values of salt transport can not be compared
between the two models because of its different vertical extent. For MICOM, salt trans-
port is integrated over the mixed layer which is several hundred meters thick in parts
of the advection path. In CCSM4, the salt transport is calculated for the upper 100m.10
Also, one standard deviation of the SPGAVE index is more than twice as large in MI-
COM (1.56Sv) than in CCSM4 (0.76Sv). Salt transport appears to be more diffuse in
CCSM4, partly due to the lower lateral resolution but also because the composites are
calculated from 1000 model years with many slightly different looking occurrences of
high and low transports.15
Sea surface salinities in the western basin increase by up to 0.5 psu in CCSM4. Ac-
cumulation of salt is not as clear in MICOM and limited mostly to the boundary currents
(Fig. 3e, f). The vertical extent of salinity anomalies is analyzed for two representative
sections (Fig. 4). Salinity anomalies are limited mostly to the upper 100m and barely
detectable below 200m in both sections. Anomalous flow velocities across the Reyk-20
janes Ridge are also strongest near the surface but can be observed down to a depth
of 1000m. In the Labrador Sea, anomalous velocities are strong at almost all depth
levels, showing the barotropic nature of the SPG circulation changes.
To investigate how the observed anomaly in surface salinity relates to the anoma-
lous salt transport, we analyze the divergence of the salt transport and its components25
in CCSM4 (Fig. 5). As before, the analysis will focus on the upper 100m where the
increase in salinity is most evident and that has the strongest impact on deep convec-
tion. However, unlike before, volume transport is reduced to velocity because the diver-
gence of S ·U yields the more accessible unit of salinity change per unit time (psus−1).
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Converging salt transport explains only part of the salinity anomaly (Fig. 5a), while
a greater contribution to the salinity anomaly appears to result from a stronger doming
of isopycnals and therewith enhanced upward mixing of saline water from deeper lay-
ers (Fig. 5b). This is consistent with the lack of higher surface salinities in the isopycnal
model MICOM where shoaling isopycnals make the surface layer thinner but do not5
change its tracer composition.
However, the enhanced salt transport converges in a region of deep convection and
thereby increases its effectiveness (not shown). Stronger deep convection and loss of
heat in turn lifts the isopycnals and mixes saline water upward. So, while not a direct
consequence, the observed increase in surface salinity is indirectly caused by the en-10
hanced salt transport. Changes in the East Greenland Current and Arctic freshwater
export are negligible in both models (Fig. 3a, b). Air-sea exchanges play a minor role
(Fig. 6).
The divergence in salt transport ∆(S ·U) is almost entirely the result of changes in
volume transport S∆U (Fig. 5c). Changes in salinity U∆S are negligible (Fig. 5d). The15
volume transport is further divided into its advective component Uadv and the param-
eterized, subgrid part Usg, representing eddy mixing. The corresponding divergences
show that the transport of salt from the eastern to the western basin is primarily due to
advection, while the convergence in the deep convection region is a result of subgrid
eddy transports (Fig. 5e, f).20
The strengthening of the SPG from the late 1980s and subsequent weakening after
1995 is not reflected in corresponding salinity changes in observations downstream
in the Labrador Sea (Yashayaev, 2007), apparently contradicting our findings. Indeed,
the salinity composites presented here also do not show a notable increase in salinity
with neither of the two principal modes of variability (Fig. 2), or the SPGAVE (Fig. 3e).25
This can be attributed to the salinity changes being relatively small compared to other
influences and the observational record being too short to reliably separate circulation-
related signals from others.
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Sea surface salinity in the western basin (see black rectangle in Fig. 3f) and the
(negative) SPGAVE index show a significant (anti-) correlation in CCSM4 (r = −0.5,
Fig. 7). To remove information from periods longer than the satellite altimetry record
that is commonly used to estimate the SPG circulation strength (∼ 30 yr), both time
series are high-pass filtered with a cut-off at 30 yr. The resulting cross-correlation is5
below the 95% significance threshold (r = −0.16) and therefore indistinguishable from
a signal of unrelated origin. This suggests that observations of sea surface salinity are
too short to discern whether their origin is related to enhanced salt transport in the
SPG. The significance threshold has been estimated assuming SPG variations of 20 yr
period, which gives 50 degrees of freedom for the 1000-yr simulation.10
4 Summary and conclusions
Salt transport in the upper layers of the SPG and the connection of the eastern and
western subpolar North Atlantic basin have repeatedly been described as important
parts of climate variability (Delworth et al., 1993; Yoshimori et al., 2010; Lozier, 2010;
Born and Mignot, 2011; Kwon and Frankignoul, 2012; Langehaug et al., 2012; Dan-15
abasoglu et al., 2012b). Our results suggest that this connection cannot be simplified
to the mere communication of existing anomalies from east to west but that the variable
transport itself creates salinity anomalies.
We investigated the transport and convergence of salt in two general circulation mod-
els with very different characteristics, a regional isopycnal ocean model forced by ob-20
servations for the second half of the last century (1950–2002 AD, MICOM), and a global
coupled climate model with a z-coordinate ocean driven by external forcing for the
preindustrial millennium (850–1850 AD, CCSM4). While the regional model is primar-
ily used to ensure consistency with recent observations, CCSM4 provides time series
long enough for more general conclusions. Indeed, dominant variations in the surface25
circulation and associated surface salinity fingerprints of recent decades (Ha´tu´n et al.,
2005b) differ from long-term changes. Consequently, analogies with recent decades
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provide little constraint for reconstructions of past SPG variability (e.g. Thornalley et al.,
2009).
Both models agree that a stronger SPG transports more salt along its northern rim as
a result of an increased volume transport. Anomalous salinities in the eastern subpolar
North Atlantic are negligible as the effect of typical changes is two orders of magnitude5
smaller than for typical variations in volume transport. This basic result is indeed easily
estimated from observational data and is consistent with earlier works that describe
the importance of advection for salinities of the Iceland Basin (Herbaut and Houssais,
2009) and the Irminger Basin (Despre`s et al., 2011).
The analysis of surface salt convergence adds important detail on the respective10
roles of explicit advective and parameterized subgrid transports. While advection trans-
ports salt over relatively large distances from the eastern into the western basin, it does
not converge and therefore not increase surface salinity in the region. It is the subgrid
transports, parameterized eddies, that accumulate salt in the western basin, consis-
tent with observations (Lilly et al., 1999; Lilly and Rhines, 2002; Prater, 2002) and15
eddy-resolving numerical modeling (Spall, 2004). Previous work with CCSM4 found
the convergence of subgrid transports to correlate with surface density in the deep
convection region, causing changes in the AMOC (Danabasoglu et al., 2012b). We ex-
tend these findings and specify that these changes are linked to variations in the SPG
and advective salt transport from east to west.20
This understanding implies a positive feedback mechanism: enhanced salt transport
into the western basin favors deep convection. Deep convection cools the water col-
umn and makes it more dense which strengthens the cyclonic flow of lighter waters
around it. This intensification of the SPG then carries more salt again. If less salt was
transported in a stronger SPG as a result of decreasing salinities in the eastern basin,25
the feedback would be negative and climate variability of the North Atlantic would ar-
guably be of smaller amplitude (Mengel et al., 2012). This positive advective-convective
feedback has been discussed in climate models (Levermann and Born, 2007; Born and
Mignot, 2011; Born et al., 2012) and has successfully been used for the explanation
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of paleoclimate reconstructions (Born and Levermann, 2010; Born et al., 2011; Irvali
et al., 2012).
These findings strongly reinforce the importance of the SPG for large-scale circu-
lation changes. The advection of far-field anomalies into the western subpolar North
Atlantic is of little relevance if accompanied by a change in the SPG circulation, which5
in the case of decadal AMOC variability is observed in virtually all coupled climate mod-
els (Yoshimori et al., 2010, Table 1). However, this does not preclude the modulation
by centennial-scale advection of salt anomalies from afar that might be superimposed
on the decadal SPG signal (e.g. Delworth and Zeng, 2012).
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Fig. 1. Composite anomalies of the depth-integrated stream function of MICOM (colors), based
on sea surface height PC1 (a) and PC2 (b). Contours show the time average stream function
(spacing 10Sv, negative gray, zero omitted).
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Fig. 2. Composite anomalies of surface salinity (a, c) and salt transport (b, d) in MICOM,
based on sea surface height PC1 (upper) and PC2 (lower). Westward salt transport in the
Irminger Current increases with a stronger circulation, irrespective of salinity change in the
eastern source region.
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Fig. 3. Composite differences SPGAVE strong-weak for MICOM (left column) and CCSM4 (right
column); (a, b): depth-integrated stream function (colors). The time average stream function is
shown as a reference (contours, 10Sv spacing, negative gray, zero omitted); (c, d): salt trans-
port in the mixed layer (MICOM) and the upper 100m (CCSM4); (e, f): surface salinity. Models
agree on the pattern of the simulated circulation anomaly and corresponding salt transport.
The salinity anomaly in the western basin which is relatively weak in MICOM. The SPGAVE
index is defined as the average of the depth-integrated stream function in the black box in (b).
The correlation of sea surface salinity inside the black rectangle in (f) and the SPGAVE index is
discussed in the main text. Black lines in (d) show sections used in Fig. 4.
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Fig. 4. Composite differences SPGAVE strong-weak of salinity (shading) and velocity (contours,
spacing 0.5 cms−1, negative gray) for CCSM4 for sections across the Labrador Sea (a) and
along the Reykjanes Ridge (b). Locations of sections shown in Fig. 3d.
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Fig. 5. (a) composite anomalous salt transport for strong-weak SPGAVE (arrows) and diver-
gence thereof (colors) in CCSM4. (b) shoaling of isopycnals (color) and surface salinity anomaly
(contours, in psu, see Fig. 3f) for strong-weak SPGAVE. (c–f) as (a) for components of salt
transport. Contours in (d) represent time average March mixed layer depth (spacing 500m).
Anomalous salt transport is dominated by variations in volume transport (S∆U) that converge
in the deep convection region (a, c). This convergence is mainly due to subgrid (sg) transports
(f), while advection transports salt from the eastern to the western basin (e).
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Fig. 6. Composite difference of salinity changes due to surface freshwater fluxes (evaporation
minus precipitation) for CCSM4, based on the SPGAVE index (in psu). Although the anomaly
pattern matches the observed changes in salinity, air-sea freshwater exchange can not explain
the magnitude of the anomaly. The similarity of the pattern is due to changes in evaporation.
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Fig. 7. Cross-correlation of SPGAVE and sea surface salinity in the SPG center (see Fig. 3)
for CCSM4, for unfiltered data (solid) and high-pass filtered data, cut off at a period of 30 yr
(dashed). Shaded values are below the significance threshold, for 50 degrees of freedom.
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